(@I T (s W SO E R [Tl I  ORIGINAL ARTICLE

doi:10.1111/j.1365-2249.2005.02719.X

Low dose chronic Schistosoma mansoni infection increases
susceptibility to Mycobacterium bovis BCG infection in mice
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Introduction

Summary

The incidence of mycobacterial diseases is high and the efficacy of Bacillus
Calmette Guérin (BCG) is low in most areas of the world where chronic worm
infections are common. However, if and how concurrent worm infections
could affect immunity to mycobacterial infections has not been elucidated. In
this study we investigated whether infection of mice with Schistosoma man-
soni could affect the ability of the animals to control Mycobacterium bovis
BCG infection and the immune response to mycobacterial antigens. BALB/c
mice subclinically infected with S. mansoni were challenged with M. bovis
BCG via the intravenous route. The ability of the animals to contain the rep-
lication of M. bovis BCG in their organs, lung pathology as well as the in vitro
mycobacterial and worm antigen induced immune responses were evaluated.
The results showed that S. mansoni coinfected mice had significantly higher
levels of BCG bacilli in their organs and sustained greater lung pathology
compared to Schistosoma uninfected controls. Moreover, Schistosoma
infected mice show depressed mycobacterial antigen specific Thl type
responses. This is an indication that chronic worm infection could affect resis-
tance/susceptibility to mycobacterial infections by impairing mycobacteria
antigen specific Thl type responses. This finding is potentially important in
the control of TB in helminth endemic parts of the world.
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nized with PPD following induction of Th2 responses by a
filarial worm Brugia malayi develop cytokine responses that

Tuberculosis (TB) is one of the major public health problems
in the world. A report from the World Health Organization
(WHO) estimates that Mycobacterium tuberculosis infection
occurs in nearly a third of the world population and close to
2 million people die of the disease each year [1]. The reasons
for the worsening TB problem are believed to include the
HIV pandemic and the unplanned urbanization in resource
poor countries of the world [2].

Most areas with high TB-associated morbidity and mor-
tality are also characterized by high endemic prevalence of
helminthic infections [3,4], but the impact of helminthiases
on host response to intracellular pathogens is not clear. Actor
and colleagues have shown that S. mansoni infection in the
mice impairs resistance against viral infections [5]. Although
the interaction between helminthes and mycobacterial infec-
tions is not well studied, it has been shown that mice immu-

were skewed toward type 2 pattern [6]. We reported that
humans exposed to intestinal helminthic infections show
impaired in vitro cellular responses to M. tb antigens [7]. We
hypothesize that this leads to increased susceptibility to
mycobacterial infections. In order to address this question
further we evaluated if chronic S. mansoni infection, an
infection common in our study area, would make mice more
susceptible to M. bovis BCG infection.

The results showed that mice with chronic S. mansoni
infection had higher bacterial loads following intravenous
M. bovis BCG infection compared to Schistosoma free con-
trols. Moreover, in vitro analysis showed that M. tb antigen
specific cellular responses were significantly impaired in
these animals accompanied by enhanced ConA induced Th2
type responses. This indicates that worm infections, by
impairing mycobacteria antigen specific cellular responses
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and/or inducing a strong Th2 immune background makes
the animals more susceptible to mycobacterial infections
and/or disease.

Materials and methods

Animals

Female BALB/c mice were obtained from B & K Universal
(Stockholm, Sweden). The animals were maintained at the
animal facility of the Swedish Institute for Infectious Dis-
eases Control (SMI) (Stockholm, Sweden). S. mansoni cer-
cariae (Puerto Rican strain) were obtained from department
of parasitology, SMI (Stockholm, Sweden). All animals were
8-10 weeks of age at the beginning of the experiments and
were kept in cages with unlimited food and water supply.
The animals were divided into two groups. One group was
infected with 30 infective larvae of S. mansoni and the other
group was kept Schistosoma free and used as controls.

Experimental infection

S. mansoni

Mice were anaesthetized by subcutaneously injecting 0-1 ml
of 8:6 mg/ml sodium pentobarbital. 100 ul of tap water con-
taining 30 S. mansoni cercariae was placed on a shaved skin
area on the abdomen and left for 20 min for active infection
to occur. The presence of the infection was confirmed
repeatedly by direct microscopy of stool samples during the
period of the experiments.

Mycobacterium bovis BCG

M. bovis BCG, strain 1331(SSI, Copenhagen, Denmark) was
obtained in lyophilized form, resuspended in PBS and 100 pl
of the suspension containing 8 x 10> colony forming units
(CFU) was inoculated through the lateral tail vein 8 weeks
after S. mansoni infection, the time when all Schistosoma
infected animals were excreting eggs.

Analysis of colony forming units

At 6,9 and 15 weeks post BCG infection, the number of CFU
of M. bovis BCG bacilli in spleens, liver and lung were eval-
uated as described by Jackson and colleagues [8]. Briefly, ani-
mals were sacrificed and organs were aseptically isolated and
placed in sterile plastic bags containing 5 ml dilution solu-
tion (saline containing 0-05% Tween 80). The organs were
homogenized using Stomacher 80 homogenizer (Turku, Fin-
land) and serial 10-fold dilutions were plated on Middle-
brook 7H11 containing 0-3 mg/ml polymyxin B and 5 mg/l
amphotericin B. Plates were kept in plastic bags and incu-
bated at 37°C and 5% CO, until the colonies were large
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enough for counting (3—4 weeks). M. bovis BCG was used as
a challenge organism as it is less pathogenic and easy to work
with in a laboratory without P3 level facility.

Spleen cell cultures

Single cell suspensions from individual spleens from individ-
ual animals were prepared by teasing the organ loose into
complete RPMI (RPMI 1640 supplemented with 10% fetal
calf serum, 20 mm HEPES buffer (Sigma-Aldrich, Sweden),
2 mM L-glutamine 0-05 mm 2-mercaptoethanol (Life Tech-
nologies Paisley, UK) and 1% penicillin/streptomycin
(Sigma-Aldrich Sweden) and red cells were lysed using red
blood cell lysis buffer (Sigma-Aldrich, Sweden). The cell sus-
pension was washed twice in RPMI medium and cell con-
centration was adjusted to 2x 10°/ml. Spleen cells were
cultured at a concentration of 4 X 10°/well in 96 well flat bot-
tom Nunc culture plate in the absence or presence of 5 pig/ml
concanavalin A (Sigma-Aldrich, UK), 12-5 ug/ml purified
protein derivative of Mycobacterium tuberculosis (PPD, Stat-
ens Serum Institute, Copenhagen, Denmark) or 15 ug/ml
soluble Schistosoma egg antigen in triplicate wells. Culture
supernatants were collected at day 2 for IL-4, day 3 for IFN-
v and day 5 for IL-5 assays. These time points were chosen
after studying the kinetics of the respective cytokine secre-
tions. Schistosoma egg antigen (SEA) was prepared as
described by Carter and Colley[ 9].

For proliferation assay, cultures were pulse labelled with 1
uci of *H-thymidine (Amersham, France) per well and cells
were harvested 18 h later onto fibre filter papers. Cultures
were pulsed with tritiated thymidime at day 3 for Con A
stimulation or day 5 for PPD stimulation. *H-thymidine
incorporation was determined using B liquid scintillation
counter (LKB Wallac, Turku, Finland) and results were
expressed as stimulation indices (counts per minute of anti-
gen stimulated cultures/counts per minute in unstimulated
cultures).

Measurement of cytokine levels by ELISA

Cytokine levels in cell culture supernatants were determined
using commercially available ELISA kits (R & D Systems,
London, UK) following manufacturer’s instructions in
duplicate wells. Concentrations of cytokines (IL-4, IL-5 and
IFN-y) in samples were calculated by a standard curve gen-
erated from recombinant cytokines (R & D systems, London,
UK), and results were expressed in pg/ml. The differences in
results between duplicate wells were consistently less than
10% of the mean. The sensitivity of the assay was 2 pg/ml for
all cytokines measured.

Histopathological analysis

For histopathological examinations, the lung was removed
and inflated, fixed in 10% buffered formalin, and were
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embedded in hot paraffin. The tissue was then sectioned
in 5um thick slices and stained with haematoxilin-eosin-
safranin as described elsewhere [10]. Histological changes
were evaluated in a blinded fashion by at least 2 independent
observers.

Statistical analysis

The student #-test was used to analyse differences between
the experimental and control groups. Values of P < 0-05 were
considered statistically significant.

Results

Impaired control of replication of M. bovis BCG bacilli
in S. mansoni coinfected mice

At 6, 9 and 15 weeks post M. bovis BCG infection animals
were sacrificed from each group and the number of CFU of
BCG bacilli in the organs was determined. This experiment
was repeated three times, initially with 3 animals per group
and twice with 10 mice per group and in all cases the results
were consistent. The results obtained from S. mansoni + BCG
coinfected group of mice were compared with Schistosoma
free mice. The result showed that mice with concurrent S.
mansoni infection developed significantly higher bacterial
loads compared to Schistosoma free group at all the 3 time
points tested (P < 0-01) and in all the 3 organs (Fig. la—c). In
the lungs of Schistosoma free mice, bacterial loads showed
slight increase from week 6-9 and then declined at week 15
whereas in the Schistosoma coinfected group, there was pro-
gressive increase from week 6 on, and at week 15 post chal-
lenge the difference between the two groups was over 15 fold
(Fig. 1a). In both the liver and the spleen, there was a con-
tinuous decline in bacterial load in the Schistosoma free
group, in the coinfected group however, there was an initial
decline (week 6-9) which stabilized thereafter (Fig. 1b,c). In
preliminary experiments, we observed that bacillary load
was not significantly different between Schistosoma coin-
fected mice and controls at week 3 post challenge (data not
shown).

Chronic S. mansoni infection impairs proliferative and
IFN-y responses of splenocytes to a mycobacterial
antigen PPD and a T cell mitogen concanavalin A
(ConA)

To investigate whether the impaired ability of the animals to
control BCG infection was reflected in the in vitro cellular
responses to M. tb antigens, we analysed proliferative and
IFN-y responses of spleen cells in response to PPD and
ConA. Spleen cell cultures from individual mice were anal-
ysed for proliferative capacity at weeks 6 and 9 post M. bovis
BCG infection (Fig.2). The background proliferation in

(a) Lung

200 *k
M Co-infected

'Cg? 150 HpO BCG-infected

*k

9 15
Weeks post challenge

CFU (x

o o
o o o
m?

M Co-infected
0O BCG-infected

9 15

Weeks post challenge

Liver

—
(=)}
~

200 **

CFU (x1000)
a o o
o o o o

©) Spleen m Co-infected
750 0O BCG-infected

g

S 500 . .

x

> 250

L

5 H- B
0 . . |

9 15

Weeks post challenge

Fig. 1. Number of CFU of BCG bacilli in the (a) lungs, (b) liver and (c)
spleen of S. mansoni and BCG coinfected and BCG infected mice. S.
mansoni-infected mice and uninfected controls were intravenously chal-
lenged with M. bovis BCG and the number of BCG bacilli in the lung,
liver and spleen were determined at weeks 6, 9 and 15 post challenge.
In this representative experiment 10 animals were used per group to
assess CFU at all time points. Results were means for individual

mice + standard error of the mean (SEM) *P < 0-05, **P < 0-01. This
experiment was performed 3 times using 3, 10, 10 animals per group,
respectively, and on each occasion the result was reproducible.

medium alone was between 1000 and 3000 counts per
minute for all cultures. The data revealed markedly lower
spleen cell proliferation in response to both PPD and ConA
in Schistosoma coinfected group of mice as shown in Fig. 2.

IFN-y analysis was done by collecting day 3 culture super-
natants and analysing IFN-y content using mouse IFN-y
ELISA kit (R & D systems, UK). The results show that PPD-
induced IFN-y responses were significantly reduced
(P<0:01) in cells from coinfected mice compared to Schis-
tosoma free controls at both time points the test was done
post M. bovis BCG challenge (weeks 6 & 9) (Fig. 3). This
experiment was performed two times and the results were
consistent.
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Fig. 2. S. mansoni infection impairs proliferative responses to PPD and
concanavalin A. Splenic lymphocytes isolated from S. mansoni infected
mice and uninfected controls were cultured in the presence of PPD or
concanavalin A. The cultures were pulse labelled with tritiated thymi-
dine at day 3 for con A stimulated cultures and day 5 for PPD stimulated
cultures and were harvested 18 h after pulse labelling. The results were
expressed as stimulation indices (mean count per minute in stimulated
cultures/mean count per minute in unstimulated cultures). In this rep-
resentative experiment 10 animals were used in each group. (a) show
responses to PPD and (b) show responses to ConA *P < 0-05,**P < 0-01.
This experiment was repeated twice with consistent results.

S. mansoni infected mice show enhanced Th2 cytokine
responses to a T cell mitogen and soluble Schistosoma
egg antigen (SEA)

To find out whether the impaired PPD and Con A induced
Th1 type responses (T cell proliferation and IFN-y produc-
tion) were accompanied by dominant Th2 type responses,
we examined the in vitro secretion of IL-4 and IL-5 in the two
groups of animals at the time of M. bovis BCG challenge
(week 0) and 9 weeks post challenge. The result shows that
Schistosoma infected mice produced several fold higher IL-4
and IL-5 levels when stimulated with SEA and a T cell mito-
gen ConA. Nevertheless, the levels of both IL-4 and IL-5
when cells were stimulated with PPD was low in both groups
of mice and was not significantly different between the two
groups although slightly higher levels were observed in coin-
fected group of mice (Fig. 4).

S. mansoni infection enhances lung damage caused by
M. bovis BCG infection

The levels of cellular accumulation and organization (gran-
ulomatous response) as well as reduction in air exchange
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Fig. 3. S. mansoni infection significantly reduces PPD specific in vitro
IFN-vy production from splenic lymphocytes. Supernatants of spleno-
cyte cultures were assayed for IFN-y levels using commercially available
ELISA kits. The results were expressed as pg/ml and were means of
duplicate wells. Ten animals were used per group in this representative
experiment. (a) shows responses to PPD and (b) shows response to
ConA *P < 0-05, **P < 0-01. The experiment was performed twice with
comparable results.

areas caused by inflammatory responses were compared
between coinfected and Schistosoma free controls at week 15
post BCG challenge. The results indicate that lungs from
coinfected mice displayed significant pathological changes
that involved ~40% of the lung tissue. In the lung tissue
obtained from this group of mice regions of normal lung tis-
sue were interspersed with areas of diffuse, poorly organized
inflammation as well as regions of more focused lymphocyte
infiltration that lacked the organizational structure charac-
teristics of granulomas (Fig. 5a). In contrast in mice without
S. mansoni infection, the lungs were predominantly normal
with mild lymphocyte infiltration and inflammation and the
pathological changes involved less than 10% of the lung tis-
sue (Fig. 5b).

Discussion

We have previously reported that deworming of helminth-
exposed humans increase mycobacterial antigen specific cel-
lular responses [7]. Whether these altered cellular responses
indicated altered susceptibility to mycobacterial infections is
an issue that remains to be addressed. In this report, we
investigated whether chronic S. mansoni infection could alter
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Fig.4. S. mansoni infection induces strong Th2 responses to soluble Schistosoma egg antigen (SEA) as measured by IL-4 and IL-5 secretion.

Spleenocytes from S. mansoni infected mice were cultured in the presence of SEA, PPD or concanavalin A and supernatants were assayed for IL-4 and

IL-5. Eight animals per group were used for the experiment at week 0 and 10 animals per group were used for the experiment at week 9. (a,b) show
IL-4 responses at weeks 0 and 9 post M. bovis BCG infection, respectively, whereas (c,d) show IL-5 responses at weeks 0 and 9 post M. bovis BCG

infection **P < 0-01. This experiment was performed twice with comparable result.

susceptibility of BALB/c mice to BCG infection by examin-
ing bacterial load, the degree of lung pathology as well as the
in vitro Th1/Th2 type responses of lymphocytes (IFN-y
secretion, T cell proliferation/IL-4, IL-5 secretion) to myco-
bacteria and Schistosoma egg antigens.

Here we report that mice infected with S. mansoni become
more susceptible to M. bovis BCG infection and that this
impaired resistance was accompanied by impaired in vitro
Thl type responses to mycobacterial antigen, PPD.This
observation, if it holds true in humans may be of major pub-
lic health importance as worm infections are widespread in
regions of the world where there is high incidence of Myco-
bacterial diseases [2,11].

It has been shown in experimental animals and in clinical
studies that the immune environment established by prior
sensitization to helminthes influences responses to unrelated
antigens [12—14]. In mice with established S. mansoni infec-
tion, immunization with sperm whale myoglobin induces
antigen-specific T cells that produce Th2 cytokines, whereas
uninfected animals generate Thl type immunity [14]. Hel-
minth infections were also reported to impair resistance
against viral infections [5] and reduce cellular responses
generated by vaccinations against viral pathogens [15].
Although the interaction between helminth and mycobacte-
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rial infections has not been studied, mice immunized with
PPD following the induction of strong Th2 responses by filar-
ial worm Brugia malayi were found to develop T cell cytokine
responses that were polarized towards type 2 pattern [6].

The immune response to chronic S. mansoni infection in
mice is generally characterized by a systemic Th2 type
response at the onset of egg production with elevated pro-
duction of IL-4 and IL-10 in response to parasite as well as
nonparasite antigens [16,18,19]. However, mycobacterial
infections are controlled by a Thl type response [20-23].
Thus the elevated bacterial load in S. mansoni infected mice
observed in this study could be due to inhibition of BCG
induced Th1 type immunity by the established Th2 immune
background caused by chronic worm infection.

To investigate this possibility we measured in vitro PPD
specific proliferation and IFN-y production of spleen cells as
well as the in vitro production of Th2 cytokines in response
to PPD, SEA and ConA. The results revealed that splenic T
cells from mice with concomitant worm infection produce
significantly lower levels of IFN-y and exhibit impaired abil-
ity to proliferate in response to PPD as well as ConA. These
were accompanied by high background response to SEA as
well as mitogen-induced production of Th2 type cytokines
IL-4 and IL-5 in the coinfected group of mice. This may sug-
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Fig. 5. Photomicrographs of lungs of mice BCG infected in the presence

or absence of S. mansoni infection. (a,b) The lungs were examined at
week 15-post challenge. Five consecutive sections for each of the 10 mice
in each group were stained and examined. (a) is a section from mice
with prior Schistosoma infection and (b) is from the group without
Schistosoma infection. Magnification x100.

gest that worms increase susceptibility to mycobacterial
infections by inhibiting mycobacteria antigen specific Thl
type responses and inducing a strong Th2 immune back-
ground as assessed by the strong IL-4 and IL-5 responses to
a T cell mitogen ConA.

Immunity as defined by survival was not assessed since
a low virulent BCG was used in this study. However, in
subsequent studies we intend to use a more pathogenic
organism (virulent M. tuberculosis) in an aerosol model to
provide additional evidence on the impact of worm
infections on subsequent immunity to mycobacterial
infections.

Resistance against intracellular pathogens operates in two
stages; an early nonspecific innate response and the acquired
specific immunity mediated mainly by the CD4" T cells
[17,23]. During the early weeks of infection, the innate
immune response is the main mechanism controlling myco-
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bacterial growth. At the later stages however, the acquired
cellular immunity becomes the dominant mechanism con-
trolling mycobacterial infection [24].

Ferreira et al. [25] have shown that early stage responses to
mycobacterial challenge can be enhanced by injection of
mice with Ascaris suum extract. However, in the current
study chronic infection with helminth parasite S. mansoni
was associated with reduced ability to control mycobacterial
infection accompanied by impaired cellular responses to
mycobacteria antigen.

The differences between our findings and that of Ferreira
et al. [25] may be that they evaluated the ability of mice
injected with Ascaris suum extract to control mycobacterial
infection during the first week of infection and our analysis
was made at the later stage. This may indicate that the impact
of exposure to worm antigens and/or infection with worms
on the immune response to subsequent infections depends
on the stage of the infection. In other words, exposure to
worm antigens and/or worm infection could have variable
effects on early innate and the late acquired immune
responses to an infection. Indeed in a separate study we have
observed (Elias et al. unpublished observation) that S. man-
soni infection causes early enhancement in resistance against
Mycobacterial infection, however, such effect was short lived
and at later stage, the effect was negative consistent with the
current report. It is worth noting that in preliminary studies
we noted no significant difference between BCG infected and
BCG+ S. mansoni coinfected group when assayed at three
weeks after BCG infection.

The susceptibility to BCG infection induced by S. mansoni
was differentially expressed in the three organs tested, being
most pronounced in the lungs at later stage of infection. This
suggests the possibility that there could be differences in the
spatial distribution of the different antimycobacterial host
effector responses and that these responses may be affected
differentially by S. mansoni coinfection.

Taken together, our data show that immune response to
M. bovis BCG can be affected by chronic S. mansoni infec-
tion, making the animals more permissive to M. bovis BCG
replication. This supports the hypothesis that helminthic
infection could have a negative effect on antimycobacterial
immunity and this may have a bearing on the outcome of
vaccinations against intracellular pathogens such as M.
tuberculosis. This being so, the treatment of helminthes
should have a role in the effort to control tuberculosis, one of
the world’s major infectious killer [23,26].
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